The ability to accurately identify fibres is of importance to conservators, allowing the most appropriate methods of treatment to be employed. Our research has concentrated on the development of an ATR FT-IR spectroscopic technique for the characterisation of cellulosic (plant) fibres.
Introduction
Cellulosic (plant) fibres have been used to produce textiles for thousands of years, and the treatment of such artefacts represents an important aspect of heritage conservation. The identification of the fibres may not only adduce the origin of an artefact, for example, but can also serve as a predictor of behaviour and so is essential in allowing an informed decision on conservation protocol.
Conventional approaches to the characterisation of these fibres, such as microscopy and staining techniques have several limitations: The methods rely heavily on experience as they generally produce qualitative data and may require the subjective comparison of results. In addition, degradation and physical damage can often conceal or destroy the characteristic fibre morphology necessary to an unambiguous identification. A routine, objective method, not reliant on such visual clues, would be of value. The aim of the research described below was to assess the suitability of vibrational spectroscopy, as a reliable, reproducible and relatively simple technique, for the differentiation of plant fibres. This builds on previous work carried out by our group [1] and the seminal contributions of others, as described below.
Vibrational spectroscopy covers a range of techniques, including conventional Fourier transform infrared (FTIR), Raman and attenuated total reflectance (ATR) spectroscopy. These methods have been variously employed for the study of textile fibres, not only to identify the fibres themselves and their state of deterioration, but also to confirm processing and dye treatments [2] , [3] , [4] , [5] , [6] . 3 Spectroscopic approaches have been widely used to distinguish the broad categories of cellulosic, proteinaceous and regenerated natural fibres and the many different types of synthetic fibre [7] , [4] , [8] , [9] . The marked chemical differences between these groups of materials means that they are often readily distinguished. In general, however, there have been few reports on the differentiation of the chemically similar fibres within a group, such as the cellulosic plant fibres. Edwards has employed Raman spectroscopy to discriminate amongst untreated plant fibres (ramie, jute, flax, cotton, kapok, sisal and coir) on the basis of peak ratios derived from the associated C-H and glycosidic C-O-C vibrations [10] . However, the Raman technique is not routine for many conservation science laboratories and, in any case, we have found that luminescence can prove problematic even when excitation is performed at longer, near infrared wavelengths, particularly with historic materials.
Infrared spectroscopy would seem the more appropriate choice, but, to date, a similarly comprehensive analysis of cellulosic materials has not appeared, although there have been several reports in which band assignments are presented for the various constituents [11] , [12] , [13] and in which degradation has been assessed. In the latter case, the loss of identifiable chemical components and the accumulation of distinctive degradation products (such as carbonyl containing species produced by oxidative processes) have been followed, and changes in microstructure deduced from spectroscopically-derived crystallinity indices [14] , [15] , [16] .
In the research presented below, we have used ATR spectroscopy, a refinement of conventional FTIR spectroscopy [17] , [18] , [19] , to characterise cellulosic plant fibres. Infrared radiation will excite molecular vibrations within a material; the frequencies of these vibrations, and hence the absorption peaks in the spectrum, are characteristic of the chemical composition of the specimen. In the ATR technique, the fibre sample is just pressed against a crystal 'window' (typically diamond) and the infrared beam interacts with the sample at the interface. While the radiation undergoes total internal reflection at the crystal surface, an evanescent wave penetrates the sample to a shallow depth (typically of the order of the radiation wavelength, i.e. a few microns), and it is absorption of this component which produces the infrared spectrum. The technique offers a number of advantages over conventional or micro-spectroscopy: relatively small sample sizes can be employed, little preparation is required, and, after brief practice, due to the controlled presentation of the sample to the radiation by the ATR anvil, the data is highly reproducible; a portable ATR set-up, or one with an optical fibre probe, may preclude the need to sample at all. In addition, the technique is simple to use and reasonably widely available, considerations which are of importance if the approach is to become routine.
Six species of fibre were considered in the study, chosen to represent the types of fibre typically encountered in textile artefacts: cotton (a seed fibre); flax, hemp, jute and ramie (bast -or stem -fibres); and sisal (a leaf fibre). Initially, raw unprocessed fibres were analysed. Subsequently, processed fibres from yarns and textiles were examined, from both modern and historic sources.
All plant fibres have a cellular structure and are largely composed of cellulose, along with hemicelluloses, pectins, lignin (see Figure 1) , and other minor components, which may include bound water, residual protein, waxes and pigments, and inorganic materials. Cellulose is found primarily in the cell walls and adopts a crystalline, fibrillar structure interspersed with amorphous regions.
Hemicelluloses are branched polysaccharides (primarily with xylan and mannan monomers) that adopt an amorphous structure, and form a matrix in which the cellulose microfibrils are embedded. Pectins are jelly-like acidic polymers of galacturonic acid, incorporating some arabinose and galactose units.
Lignin is an amorphous phenolic polymer with a poorly characterised structure, which is also found within the natural composite matrix.
Typical compositions of the various fibre types are given in Table 1 , though as the fibres are natural products, these values will vary along the fibre length and between samples [20] , [21] .
Nonetheless, the relative proportion of lignin with respect to other cellular components seems distinctive and, indeed, the qualitative assessment of lignin content by staining (such as the phloroglucinol test or the use of the Herzberg reagent) is an accepted method of fibre characterisation [9] , [22] .
We have applied ATR spectroscopy to the comparison of the lignin to cellulose content of the plant fibres. As the predominant component of these fibres is cellulose, and other major constituents (hemicelluloses and pectins) are also polysaccharides, the spectra of the samples are superficially similar ( Figure 2) ; band assignments are presented in Table 2 . As a result they cannot be readily distinguished by eye, and we have found that library search techniques are also of limited value.
However, there are certain 'signatures' that can be assigned to specific components; the relative 5 intensity of each can be considered as representative of the proportion of that component within the fibre: the C=O ester band at ~1735 cm -1 , from pectin (however, this band can also be strengthened by the carbonyl groups of oxycelluloses found in degraded materials); the C=C in plane aromatic vibrations at ~1595 cm -1 and ~1505 cm -1 , from lignin; the C-C ring breathing band at ~1155 cm -1 and the C-O-C glycosidic ether band at ~1105 cm -1 , both of which arise from the polysaccharide components (that is, largely cellulose). The intensity of the C-H stretching vibration at ~2900 cm -1 was taken as a measure of the general organic material content of the fibre.
The fibres were characterised by calculating ratios based on the intensities of the bands at 2900, 1595 and 1105 cm -1 ; these bands were taken to represent the overall organic content, the lignin content and the cellulose content, respectively. (The pectin derived band at ~1735 cm -1 was also considered, but was found not to provide consistent data.) Two ratios were calculated as it was found that this was a more reliable means of distinguishing the different fibre types than the use of a single ratio. (We have found that the ratios presented here form a better basis for differentiation than those employed in our earlier work [1] .)
Experimental Method
Initially, unprocessed fibres were studied; the spectra of ten samples of each of the six fibre types (cotton, flax, hemp, jute, ramie and sisal) were obtained. Subsequently, processed fibres (in the form of yarns or textiles) from a variety of sources were assessed, although fewer samples were available: cotton, 5; flax, 8; hemp, 4; jute, 11; ramie, 3; and sisal, 5. These processed materials were taken from the Textile Conservation Centre's reference collection, and included several examples of aged historic textiles (generally dating from the early part of the twentieth century). The samples were not subjected to any preparative treatment, and were analysed under ambient conditions, no attempt being made to control the temperature or humidity.
Absorbance spectra were acquired using a BioRad 'FTS 135' FTIR spectrometer equipped with a Specac 'Golden Gate' ATR accessory. The latter was fitted with a diamond crystal, and operated with single reflection optics at an interaction angle of 45 º and a probe area of 0.6 mm diameter; the sampling depth (at 1000 cm -1 ) was calculated to be approximately 3 µm. The spectra were recorded over the range 4000 -750 cm -1 , with a resolution of 4 cm -1 , and averaged over 32 scans. 
Results and Discussion
Typical spectra for each of the six fibre types are shown in Figure 2 , demonstrating their superficial similarity and domination by the contribution from the cellulosic component; the spectrum of pure cellulose is given for comparison.
For the native fibres, the average values of the two ratios, R 1 and R 2 , and their standard deviations, σ 1 and σ 2 , are presented in Table 3 .a; these ratios are plotted against each other in Figure   3 .a. The corresponding data for the processed fibres are presented in Table 3 .b and Figure 3 .b. The envelopes shown on these graphs denote the regions into which the data for the various species of fibre fall.
As can be seen, whilst a single measurement of lignin content, based on either the lignin to cellulose ratio (R 1 ) or the lignin to organic material ratio (R 2 ), does allow a certain degree of differentiation between the fibre types, it is more useful to consider both values. A unique region for each fibre type can be defined in a plot of the two ratios. The native fibres appear to be the more readily differentiated in the graphs, with the lignin content often being somewhat lower for the processed ones. Even so, there is little overlap of the mapped regions suggesting that the method may have general utility. Furthermore, the ratios were found to be quite insensitive to the age of the samples, both early and late twentieth century specimens complying with the analysis.
There is a general trend for the data points to fall along a diagonal axis on the plots, with the more highly lignified materials found at higher values of the two ratios. However, this trend does not 7 strictly follow the literature data for fibre composition (see Table 1 ), as sisal has higher values of R 1 and R 2 than jute (with lignin contents of 9.9 and 11.8 % respectively), and a similar discrepancy is observed for cotton and ramie. There may be two explanations for this apparent anomaly:
1. Lignin is a poorly characterised material and its exact properties vary depending on both the species of the plant and its location within the plant [21] . The fact that cotton is a seed fibre, sisal a leaf fibre, whilst the other four are stem fibres may have some bearing, with differences in the chemical composition of the lignin possibly accounting for the discrepancy.
2. In the 'fingerprint' regions of the spectra, which contain the cellulose and lignin bands, numerous overlapping peaks are observed. As intensities were derived by direct measurement from the spectra, rather than from deconvoluted peak data, there will be contributions from the underlying bands. For example, the shoulder of the water deformation band at 1635 cm −1 may augment the 1595 cm −1 lignin absorbance, although we have found that spectra which evidence significantly different amounts of adsorbed water nonetheless give consistent R 1 and R 2 ratios. (However, the precision of the data might improve if it was possible to maintain environmental conditions constant.)
Despite their ostensible similarity, it is apparent that just minor differences in the composition of the various cellulosic plant fibres allow them to be distinguished by ATR FT-IR spectroscopy, whether the fibres are presented unprocessed or in textile threads. Preliminary investigations also suggest that this technique is applicable to the characterisation of such fibres in paper. (There may be some ambiguity though when dyes or other finishing agents contribute overlapping infrared bands, or where there is marked fibre deterioration.)
Since the polarised infrared spectroscopic technique is also applicable to ATR, the oriented crystallinity of cellulose within natural fibres may also be probed. The value of this to the further differentiation of bast fibres (and particularly the potentially problematic species flax and hemp) will be the subject of a subsequent publication. [20] , [21] . In addition to the listed components, bound water, residual waxes, pigments, protein and inorganic material will also be found. Table 2 . Infrared band assignments for the cellulosic fibres [11], [10] , [12] , [13] . Fig. 3 . Plots of the intensity ratios, R 1 versus R 2 for (a) native fibres and (b) processed fibres. The envelopes denote the regions into which the combined data for the various species of fibre fall.
12 Table 1 : The composition of cellulosic fibres [20] , [21] . In addition to these major components, which are sub-totalled, bound water, residual waxes, pigments, protein and inorganic material will also be found. 
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